Abstract-Microwave induced thermoacoustic tomography is a method for noninvasive, high contrast, high resolution and cost effective breast cancer detection. The thermoacoustic wave is received by the ultrasonic sensor after microwave radiation. The reconstructed image reflects the electromagnetic energy distribution of breast cancer, so it may serve as a routine detection of early stage breast cancer. Due to the heterogeneity of pulsed microwave radiation energy, it is essential to blend it into the reconstructed acoustic model of breast environment. In the present study, simulation and experiment have been used for pulsed microwave energy spatial distribution investigation. Obtained results suggest that it is feasible to detect microwave energy spatial distribution with the thermoacoustic imaging, which has paved the way to solve the inhomogeneous microwave energy problem in the thermoacoustic tomography.
INTRODUCTION
Because the stage of breast cancer has a greater effect on the prognosis than the other considerations, detection of early stage breast cancer is most important [1, 2] . Unfortunately, current technology is quite limited in the ability to discriminate small tumors from healthy breast tissue. Till now, X-ray mammography is the most widely used modality for breast tumor screening in high risk groups, but it also results in unnecessary surgery and anxiety, along with the risks of more frequent X-ray exposure causing a small but significant increase in breast cancer induced by ionizing radiation [1] [2] [3] . MRI provides the good tissue structure imaging in detail but still cannot provide electromagnetic parameters or acoustic parameters distribution of breast environment, beside its unacceptable cost for screening purpose. Ultrasound tomography (UT) of breast provides the acoustic velocity contrast of tissues, but the velocity varies within 10% between tumor tissue and normal fat tissue which cannot provide enough contrast to distinguish them [4, 5] . An innovative technique called as microwave induced thermoacoustic tomography (MITAT) has been proposed to take both advantages of high contrast from electromagnetic parameters and high resolution from ultrasound wavelength [6, 7] .
MITAT employs modulated microwave pulses (no ionizing radiation) to irradiate biologic tissues. As a noninvasive imaging modality, MITAT applies a short pulsed microwave signal to irradiate a breast. Some of the microwave energy is absorbed by the breast tissues and acoustic waves, generally referred to as thermoacoustic waves, are then generated from the breast tissues due to thermoelastic expansion [8] . Malignant tissues, with higher dielectric loss than normal tissues, absorb more energy and emanate stronger acoustic waves. An acoustic transducer or transducer array measures the generated acoustic signals, which are collected to form an image [9] . Locations, dimensions, and morphologies of tumors can be determined from the image. Besides higher image resolution, the acoustic heterogeneity is relatively benign compared to the microwave heterogeneity in human breast [10, 11] . Therefore, MITAT is relatively immune to the backscattering problem and image distortion in MI and thus endowed with much simpler signal processing [12] .
In recent years, various MITAT demonstrations have been reported. In 1984, Guo et al. introduced thermodynamical process [13] . Due to the contrast in the absorption coefficient between tumor and background medium, the consequent thermal expansion caused by heating effect induces an acoustic wave at the position of the tumor. Lin and Chan built a prototype of 2-D imaging system for biological tissue [14] . Kruger et al. performed the thermoacoustic tomography with 434-MHz microwave in five patients with documented breast cancer to show the contrast enhancement of tumors. The microwave field energy distribution is not yet studied in-depth. LV Wang has studied the system experimental platform and qualitative image reconstruction [2, 10] . The density distribution of microwave energy has been carried out by Xing Da et al.. Huabei Jiang puts forward the thermalacoustic image reconstruction method of quantitative biological tissue, and the result verified the feasibility in theory and experiment [12] . Zhao et al. built a prototype system for breast tumor tomography at prone position. Lou et al. recently proposed a new approach of ultra-short microwave source to enhance the induced acoustic signal, which is shown to be very helpful to increase the signal-to-noise ratio (SNR) of MITAT applications.
The reconstructed image can reflect the electromagnetic energy absorption distribution of tested object, which is related with the physical properties of biological tissues [11] . In the paper, the signal acquisition adopts ultrasonic sensor, which rotates along the sample [12] . Based on the S-band microwaveinduced thermoacoustic tomography system, we present the theoretical and experimental model on spatial distribution of microwave radiation [3] . The accurate and stable energy density distribution can reduce the image artifact and improve the image accuracy. Three-dimensional distribution information of pulsed microwave field is calculated by the computer, and it can verify the capability of thermoacoustic imaging technology on the measurement on spatial distribution of microwave radiation. 
II. THEORY ANALYSIS
Thermoacoustic effect is a conversion process of heat conduction equation and wave equation. The MITAT signal is related with not only microwave source, but also the electromagnetic properties of object [6] . The prerequisite of accurate imaging reconstruction is to master the relation between the energy and its effect [7] . Comparing with the photo-acoustic imaging technology, the thermoacoustic signal comes from microwave absorption of different biological tissue. If the detection sample is small enough and it can be regard as a point source whose absorption coefficient, the strength of thermoacoustic signal is decided by the energy of the microwave radiation field intensity [8] . The pulsed microwave energy spatial field can be measured with the point source intensity distribution, which is based on the microwave thermoacoustic signal [9, 10] .
After the microwave energy absorption of biological tissue, the heat can be converted into the ultrasonic wave and radiate outwards. Because of the speed of light much higher than sonic, the thermal expansion can be considered as an instantaneous process [1] . The ultrasonic wave propagation model complies in the microwave thermoacoustic equation [3] : 
In Equation (3), ( ) P r is the thermoacoustic signal amplitude pressure in the initial time 0 t = . Γ is the conversion efficiency factor, and it is a constant for a particular biological tissue, therefore the initial sound pressure is most decided by the deposition function [13] .
In summary, the spatial information is the binary function about the microwave energy and absorption distribution. The distribution of microwave energy field is needed to join the imaging reconstruction process to build the accurate correspondence between the tissue spatial distribution and thermoacoustic signal. On this basis, combining with the imaging reconstruction algorithm, the image distortion which is from the inhomogeneous distribution of microwave pulse energy can be avoided. It is significant for MITAT usage in the clinical practice.
We present the measurement method as follow: The saturated salt water, whose absorption coefficient is known, is chosen as the object of study. The array is located on different planes to achieve the planar image result, and we can gain the three-dimensional result through the superimposing different planes. Because the absorption coefficient is known, the signal amplitude is linear correlation with microwave energy distribution. Thus the reconstructed image about the array can reflect the microwave pulse energy distribution.
III. EXPERIMENTAL RESEARCH
In the experiment, the imaging system is composed of 4 ultrasonic sensors, which is used to acquire the thermoacoustic signal for image reconstruction. Fig.2 shows the platform construction, which is composed of five subsystems. The first one is composed of the S-band pulsed microwave generator, feed system and antenna whose peaks transmit power is 60kW, center frequency is 3.0GHz, and pulse width is 300ns. The microwave pulse radiates the surface of sample through the rectangular horn antenna, and the sample can release thermoacoustic signal. The second one is the sample platform: the sample is placed into the coupling liquid of transformer oil. The ultrasonic sensor whose center frequency is 2.25MHz, is used to receive the thermoacoustic signal and export outwards. The third and fourth parts are the data acquisition and motion control modules. The synchronization signal of microwave source is used to posit the sensors and for synchronize data acquisition. The fifth part is the data processing module, which can filter the signal and achieve the reconstructed image for qualitative and quantitative analysis. As the research object, the array equipped saturated salt water, is used to measure the microwave pulse energy distribution of the rectangular horn antenna. Fig.3 (a) shows the saturated salt water pipes array (9*9). The diameter of pipe is 3mm, and the distance between the adjacent ones is 8mm. In order to reconstruct the thermoacoustic image of each layer, the distance between the array and antenna gate is in turn change along Z axis. 
IV. RESULTS AND DISCUSSION

A. Planar array analysis
In the experiment, the place of d=52mm (the value is the distance between the salt water array and antenna gate) is considered as the reconstructed image plane. Fig.4 (a) shows the thermoacoustic imaging reconstruction of salt water array. Fig.4 (b) can be used to estimate the imaging performance of the system. The two points in the red line are chosen for the performance analysis, and the result is shown in Fig4 (b) , where A and C express the semi extreme points of the first pipe, and B and D express the central location of the two adjacent pipes. We can know that the diameter of the pipe, AC is 3.1mm, and the distance between adjacent pipes, BD is 7.7mm. The reconstruction result is similar to the actual situation (in fact the diameter is 3mm, and the spacing distance is 8mm). 
B. Biological tissue analysis
Aiming to verify the system performance, we use the actual biological tissue as the research object whose physical property is similar to the women's breast, as shown in Fig.5 (a) . The actual biological tissue is composed of the pork fat which takes the place of the fine breast, the pork lean which does the malignancy tumor and the pigskin which does the human skin. In the experiment, a 20mm square hole is the pork fat, the pork lean is put into the hole, and a sample simulation of cancerous breast tissue is complete. The sample is put onto the detection platform, and the microwave pulse can penetrate the pigskin and the pork fat to the pork lean as the tumor. Fig. 5(b) shows the imaging reconstruction result of the above sample. From the figure, we can distinguish the tumor and its outline, and they are coincident with the actual. However, the result isn't as well as the salt water array's above, the reason is that the shape of pork lean isn't regular. Especially in a small thickness portion, because of its poor energy absorption, the signal amplitude is not strong. In the actual case, the shape of the tumor is relatively smooth, and the thermoacoustic imaging technology can have a better detection result in the real detection. Aiming to improve the imaging quality of model-based inversion and imaging method for MITAT, we use the salt water array and the actual biological tissue as the experimental subject to verify the performance of the S-band microwaveinduced thermoacoustic tomography system. The conventional tomography methods verify the existence of the tumor with the high signal amplitude of the tumor tissue, whose water content is more than the normal breast tissue, leading to the higher conductivity. However, the inhomogeneity of microwave field energy distribution leads to the poor specificity of tumor detection result, and it can't satisfy the clinical detection requirement. The accurate reconstruction of the microwave energy field, as the prior information into the process of imaging reconstruction, can contribute to promote the specificity and sensitivity of thermoacoustic imaging method. This research results can also be considered as preresearch to our further studies by experimental MITAT system combined with artificial phantoms of breast with structural heterogeneity of acoustic velocity.
